Objective: The aim of this study was to assess overall inspiratory muscle activity during incremental exercise in obese men and healthy controls using the non-invasive, inspiratory muscle tension-time index (T T0.1 ). We studied 17 obese subjects (mean age7s.d.; 49713 years) and 14 control subjects (42716) during an incremental, maximal exercise test. Methods: Measurements included anthropometric parameters, spirometry, breathing patterns and inspiratory muscle activity. T T0.1 was calculated using the equation T T0.1 ¼ P 0.1 /P Imax Â T I /T TOT (where P 0.1 is mouth occlusion pressure, P Imax is maximal inspiratory pressure and T I /T TOT is the duty cycle). Results: At same levels of maximal exercise (%W max ) (20, 40, 60, 80, 100% W max ), obese subjects showed higher P 0.1 (Po0.001) and P 0.1 /P Imax (Po0.001) values than controls. T T0.1 was thus higher in obese subjects for each workload increment and at maximal exercise (Po0.001). Conclusions: During exercise, patients with obesity show alterations in inspiratory muscle activity as a result of both reduced inspiratory strength (as measured by maximal inspiratory pressure) and increased ventilatory drive (as reflected by mouth occlusion pressure), which prone obese subject to respiratory muscle weakness. Our results suggest that impaired respiratory muscle activity could contribute to a decrease in exercise capacity. T T0.1 may be useful in our understanding concerning the benefits of endurance training.
Introduction
In patients with obesity, the inspiratory muscles are faced with a greater load, which imposes a threshold load on the inspiratory muscles. 1 This additional elastic load must be overcome during each inspiratory muscle action, whether at rest or during exercise. 2, 3 Regardless of the underlying cause, patients with obesity experience a higher ventilatory requirement for a given exercise load, higher work of breathing and greater respiratory muscle oxygen requirements. During exercise, ventilatory requirements increase, and thus further exacerbate the potential imbalance between inspiratory muscle load and capacity. 2 Hence, patients with obesity may be particularly predisposed to the development of inspiratory muscle fatigue during exercise. However, data evaluating this hypothesis are scarce. A number of different methods have been suggested for the measurement of inspiratory muscle fatigue. However, the technique is invasive and requires the setting up of oesophageal and gastric balloons -making it difficult to use for the routine assessment of diaphragm fatigue. 4 Furthermore, the contribution of the inspiratory rib cage muscles (IRCM) increases in obese subjects 3 and the tension-time index of the diaphragm (T Tdi ) does not take into account the fatigue of inspiratory muscles other than the diaphragm. 5 Hence, Ramonatxo et al. 6 proposed a new tension-time index for overall inspiratory muscles (T Tmus ), based on mean inspiratory pressure (P I ) a parameter that is easy to measure noninvasively according to an equation proposed by Gaultier et al. 7 (P I ¼ 5 P 0.1 T I ).
Under resting conditions, it has been shown that this method is useful for assessing inspiratory muscle function not only in healthy children and adults, but also in individuals with cystic fibrosis, chronic obstructive pulmonary disease (COPD) and obesity. 8 However, in healthy subjects and COPD sufferers, the pressure-time course during exercise has been shown to exhibit upward convexity 9 when the driving pressure for inspiration increases nonlinearly with respect to time, the mean inspiratory pressure (P I ) is overestimated by extrapolating (P 0.1 ) over the inspiratory time (T I ). The use of the initially published method during exercise may thus lead to a marked overestimation of the true mean pressure developed by the inspiratory muscles. For this reason, Hayot et al. 9 suggested that the inspiratory muscle tension-time index T T0.1 (given by P 0.1 /P Imax Â T I /T TOT ) could be used to reliably assess inspiratory muscle activity during exercise. The purpose of this study was to examine the effects of obesity on inspiratory muscle activity during incremental exercise in obese men. We hypothesized that obesity in men would alter the respiratory muscle activity during exercise as compared with leaner men. No subject had a history of asthma, cardiovascular disease or musculoskeletal abnormalities that would prelude maximal exercise, or had participated in regular vigorous exercise for the last 6 months. Subjects not meeting these guidelines were excluded. All qualified participants were familiarized to exercise on the cycle ergometer and instructed to avoid exercise, food and caffeine for at least 2 h before exercise testing.
Methods

Subjects
Pulmonary function test
Tests were performed using a CPX/D System (Medical Graphics Corp, St Paul, MN, USA) with flow measurement carried out using a calibrated pneumotachograph (Fleish, Lausanne, Switzerland). The subject completed at least three acceptable maximal-forced expiratory manoeuvers; technical procedures, acceptability and reproducibility criteria as recommended by the American thoracic society. 10 Forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ) and peak expiratory flow (PEF) were recorded at body temperature and ambient pressure, and saturated with water vapour (BTPS). Predictive values were taken from European Community for Steel and Coal.
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Calculation of P 0. 1 The subjects were asked to breathe quietly, with the nose occluded, through a mouthpiece connected to the pneumotachograph (Fleish Lausanne, Switzerland) with a two-way low-resistance breathing valve (0.9 cm H 2 O l À1 s, dead space of 50 ml, model 9340 occlusion valve, Hans Rudolph Inc, Kansas City, MO, USA). During the exhalation phase of breathing, a balloon was rapidly inflated in the inspiratory limb of the breathing circuit to occlude the subsequent inspiratory flow. It was closed during expiration and automatically opened about 150 ms after the onset of the subsequent inspiration. Occlusion pressure (P 0.1 ) was measured with a differential pressure transducer (Druck, LPM 9000 series, 750 cm H 2 O, Leicester, England). The balloon was inflated with helium from a small gas cylinder, and the valve was controlled manually with a small switch. The subject was asked to continue to breathe normally despite the occlusions. After this manoeuvre was repeated 10-15 times over a period of 3 min, testing was completed. Throughout manoeuvre mentioned previously the subject wore headphones and listened to music to dampen any noise from the switching device controlling the balloon, and could see neither the occlusion valve nor the operator and therefore was unable to anticipate the airway occlusion and change her respiratory pattern. The Lab view interface (Lab view, National Instruments Corporation, Austin, TX, USA) that provided a visual feedback was used to identify the onset of inspiration.
Calculation of P Imax
Maximal inspiratory pressure (P Imax ) was measured at the functional residual capacity (FRC) (the effect of variation of the muscle length on force development should be minimal near FRC was the isometric force length curve of the diaphragm is nearly flat) with a differential pressure transducer (Druck, LPM 9000 series, 7350 cm H 2 O, Leicester, England) using the technique of Black and Hyatt. 12 All normal subjects and all patients with obesity had no previous experience of these manoeuvers. Therefore, great care was taken to explain fully the procedures. This was facilitated by the use of an oscilloscope (Gould Inc., Cleveland, OH, USA), which provided a visual feedback to the subjects during the explanations and during the manoeuvers. Subjects breathed comfortably on the experimental apparatus without the airflow resistor in place. After a steady-state FRC was attained, the inspiratory and expiratory ports were occluded at end exhalation with a balloon shutter valve, and the subject was asked to perform a maximal inspiratory effort. The shutter valve opened automatically after 5 s, and the highest inspiratory pressure that was sustained for at least 1 s was taken as the P Imax . To reduce the variability that resulted from technique, the measurement was repeated three times (variation o10%), and the best score was used for comparison with postexercise values determined after maximal exercise in a similar manner.
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Exercise protocol
After the lung function measurements, control group and obese subjects underwent tests with pressure measurements. Testing began with the subjects seated on the cycle ergometer, while baseline measurements were made. The subjects breathed through the apparatus, which was connected to a breath-by-breath automated exercise metabolic system by the expiratory circuit (CPX; Medical Graphics Corp., St. Paul, MN, USA). The total dead space of the breathing apparatus (valve and pneumotachograph) was 120 ml; this value was entered in the system software for corrected calculation.
After 3 min of baseline measurements, the subjects performed an incremental exercise. The individualized exercise test protocol used in our laboratory usually result in a (VO 2max ) test duration of 8-12 min, which meet the classical exercise testing recommendations. 13 All subjects were encouraged to exercise until exhaustion they felt unable to continue. Test termination criteria included volitional exhaustion, pedal rate are not maintained at 50 r.p.m. at each level of exercise and a leveling of oxygen uptake.
Gas exchange measurements and breathing pattern were made during each increment in work rate (P 0.1 ) was measured during the last 30 s of each increment. Electrocardiogram (ECG) was monitored continuously during exercise testing through the use of a 12-Lead ECG and blood pressure was monitored with the use of an automated system. The modified Borg Scale 14 was recorded to rate intensity of dyspneoa (i.e., 'breathing discomfort') and leg discomfort at peak exercise.
Calculation of T T0.1 T T0.1 was estimated as (P 0.1 /P Imax Â T I /T TOT ). For the T T0.1 equation, P 0.1 , P Imax and T I /T TOT were assessed at rest and during exercise. From P 0.1 and mean inspiratory flow (V T /T I ), we calculated the effective impedance (P 0.1 /V T /T I ).
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T T0.1 is an index of the activity of overall inspiratory muscles. High values of T T0.1 correspond to high risk of fatigue, as shown by Hayot et al. 
Statistical analysis
The values are reported as mean and standard deviation (s.d.). Statistical comparisons were performed using StatView software (Abacus Concepts, Berkeley, CA, USA). The data at rest and at maximal exercise were compared between the two groups using Student's t-test when the normality distribution (Kolmogorov-Smirnov test) and the equality of variance (Levene median test) were verified. When these conditions were not obtained, a MannFWhitney's rank sum test was appropriate.
Exercise data were compared at the same levels of maximal exercise (%W max ) (20, 40 , 60, 80% W max ); using a two-way analysis of the variance for repeated measures (ANOVA): a fixed factor (group) and a repeated factor (%W max ), or the ANOVA on ranks test when the normality test of the distribution failed. When the ANOVA F ratio was significant, the post hoc Bonferroni's test was used to perform pairwise multiple comparisons.
Differences were considered significant for Po0.05.
Results
Mean anthropometrics characteristics and spirometrics data of the obese subjects and control group are presented in Table 1 . There were no significant differences between the groups in age and height; however, weight, BMI and waist to hip ratio (W t }W h ) were significantly greater in obese subjects (Po0.001).
Pulmonary function test
Both FEV 1 (% predicted) (Po0.001) and FVC (% predicted) (Po0.05) were significantly reduced in subjects with obesity compared with controls; however, FEV 1 /FVC ratio (% predicted) and PEF (% predicted) were not significantly different.
Gas exchange and breathing pattern parameters
At maximal exercise, workload (Po0.05), oxygen uptake (Po0.001), carbon dioxide output (Po0.05), rate of exchange ratio (Po0.05), minute ventilation (Po0.001), mean inspiratory flow (Po0.05) and tidal volume (Po0.01) were significantly lower in obese subjects, nevertheless breathing frequency (Po0.01) was significantly higher in obese subjects. The result is summarized in Table 2 .
Rating of perceived exertion (RPE) was not significantly different between groups at maximal exercise; at contrast rating of perceived breathlessness (RPB) was significantly Inspiratory muscle activity and obesity M Chlif et al greater in the obese men. The result is summarized in Table 2 . When both groups were combined (RPB), maximal exercise was significantly correlated with BMI (r ¼ 0.66, Po0.01), waist to hip ratio (r ¼ 0.61, Po0.01), minute ventilation (r ¼ 0.73, Po0.01), breathing frequency (r ¼ 0.77, Po0.001), duty cycle (r ¼ 0.65, Po0.01), P 0.1 /P Imax , (r ¼ 0.82, Po0.01 ) and T T0.1 (r ¼ 0.78, Po0.01).
Maximal inspiratory pressure Our study demonstrates that obese group had lower P Imax (Po0.001), and lower P Imax (% predicted) (Po0.001). The result is summarized in Table 3 .
Maximal inspiratory pressure values obtained postexercise, were significantly different from pre-exercise values in obese subject (Po0.001); however, no difference were seen between the pre-and postexercise P Imax in control subjects.
The mean P Imax pre-and postexercise in obese and control subjects are shown in Figure 7 .
Respiratory muscles parameters
At rest and at different levels of maximal exercise (20, 40, 60 , 80, 100% W max ), P 0.1 ( Figure 1 
Discussion
The principle finding of our study is that at rest and at different levels of maximal exercise (%W max ), T T0.1 a noninvasive index for assessing overall inspiratory muscle activity was significantly higher in obese subjects than in controls. The higher T T0.1 value in obese subjects is reflected by higher P 0.1 /P Imax values at rest and during exercise. During heavy exercise, higher T T0.1 indicates the presence of limitations on inspiratory mechanical activity during exercise, which may constitute a mechanism of exercise intolerance in obese subject.
To our knowledge, this is the first study to demonstrate the effect of obesity on inspiratory muscle activity during incremental exercise in adults.
Measurement of maximal inspiratory pressure (P Imax ) is a simple, quick and noninvasive clinical procedure. P Imax is indicative of ventilatory capacity, and thus the development Inspiratory muscle activity and obesity M Chlif et al of respiratory insufficiency. It is also useful for quantifying inspiratory muscle weakness in individual patients and monitoring changes in this parameter over time. 16 In our study, obese subjects demonstrated a trend towards a lower maximal force reserve as assessed by P Imax , even when expressed as a percentage of the predicted P Imax . The P Imax values observed here confirm earlier reports of lower inspiratory muscle strength in obese individuals. 8 Furthermore, Grassino et al. 17 demonstrated that changes in thoraco-abdominal configuration also alter the fibre length and the pressure generated (independently of lung volume changes). Thus, it can be assumed that at any given lung volume, an inwardly paradoxical ribcage movement would decrease (P Imax ), and a severe decline in inspiratory muscle strength may lead to inadequate ventilation. 16 A reduction in inspiratory muscle strength-respiratory muscle weakness, in other words, might well contribute to the dyspnoea commonly observed in obese subjects. 18, 19 Thus, when weakened muscles fail to generate sufficient tension, the respiratory system detects this weakness and increases the central ventilatory drive in general and the occlusion pressure in particular (P 0.1 ). Measurement of P 0.1 was introduced by Whitelaw and Derenne. 20 As the parameter is measured at zero flow and is thus independent of respiratory system compliance and resistance, it is an estimate of the neuromuscular drive to breathe. It was suggested that P 0.1 is a better index than breathing frequency for estimating the change in load for the respiratory muscles. High P 0.1 values reflect increased neuromuscular activation of the respiratory system and indicate a strong likelihood of inspiratory muscle weakness. 4 At rest, we found a trend towards higher P 0.1 values in obese subjects, in agreement with Burki and Baker. 21 Figure 1 shows that at different levels of maximal exercise (%W max ), P 0.1 was significantly greater in obese subjects indicating increased neural drive to the inspiratory muscles, which could be associated with both excessive hyperventilation and respiratory muscle weakness. These findings point to a relationship between decreased inspiratory muscle strength and increased inspiratory motor drive. Thus, it seems that reduced respiratory muscle strength increases inspiratory motor drive, which in turn results in an increase in respiratory sensitivity. 22 Hence, the major factor determining inspiratory muscle weakness is the magnitude of the ratio between the inspiratory pressure demand (P 0.1 ) and the maximal inspiratory pressure (P Imax ). P 0.1 /P Imax ratio reflects a balance between the magnitude of the respiratory load and the muscle strength available to meet the load. 23 When Figure 1 Mouth occlusion pressure (P 0.1 at rest and at different levels of maximal exercise (%W max ) in obese (black circles) (n ¼ 17) and control subjects (white circles) (n ¼ 14). *Po0.05; **Po0.01; ***Po0.001. Figure 2 Ratio of occlusion pressure to maximal inspiratory pressure (P 0.1 / P Imax ) at rest and at different levels of maximal exercise (%W max ) in obese (black circles) (n ¼ 17) and control subjects (white circles) (n ¼ 14). *Po0.05; **Po0.01; ***Po0.001. Inspiratory muscle activity and obesity M Chlif et al comparing the obese and control groups, we found a marked difference in the P 0.1 /P Imax ratio (%) at rest and at different levels of maximal exercise (%W max ) (Figure 2 ). According to the findings of Leblanc et al., 24 the increase in respiratory muscle effort during exercise is owing to both increasing metabolic demands and a reduction in respiratory muscle capacity, secondary to increases in inspiratory volume and flow. The greater inspiratory demand (in relation to the inspiratory reserve) explains the higher T T0.1 in obese subjects ( Figure 4 ) and a 10% reduction in maximal inspiratory pressure after completion of the incremental exercise ( Figure 7 ). This result indicates reduced efficiency of the inspiratory muscles, which may then lead to greater energy demand and thus to a greater risk of inspiratory muscle weakness. Thus, the increase in T T0.1 was mainly owing to an increase in the pressure parameters (P 0.1 /P Imax ) that represent inspiratory muscle load vs. capacity, whereas T I /T TOT was similar between the two groups ( Figure 3 ). Our observations suggest that in patients with obesity, there may be an imbalance between the capacity of the inspiratory muscle pump and its ability to sustain activity when faced with inspiratory loads. To compensate for the pressure increase linked to the presence of abdominal fat, patients with obesity increase their neural drive to ensure normal ventilation: they breathe rapidly and shallowly, which reduces muscle efficiency. 25 The rapid, shallow breathing pattern shown in obese subjects is believed to be a load compensatory mechanism in response to attenuated respiratory system complaints changes. Sampson and Grassino 26 demonstrated a rapid shallow breathing pattern accompanying an increase in inspiratory neuromuscular drive, as measured by airway occlusion pressure. These authors suggested that an increase in neural 'drive' and tachypnoea reflects the recruitment of additional respiratory muscle groups, which may be an attempt by the respiratory centre to find an optimal breathing strategy under stressful condition. Our results confirm the clinical observation that obese patient breath rapidly and shallowly. As demonstrated in Table 2 , the obese subjects have significantly reduced V T and increased breathing frequency at maximal exercise comparatively to our normal subjects. Consequently, although, in these patients, the respiratory drive to breathe is increased; they are better off shortening the inspiratory time, a process that results in a lower tidal volume. Roussos and Koutsoukou 23 have demonstrated that a reduced V T as consequence of increased P 0.1 /P Imax reflect reduced central respiratory drive, or, alternatively, mechanical limitation and or inspiratory muscle dysfunction. The reduction in V T is largely offset by an increase in breathing frequency so that minute ventilation increased. An increased V T /T I ( Figure 5 ) and unchanged T I /T TOT ( Figure 3 ) suggest that the central inspiratory drive but not the timing is affected with obesity. 25 This particular breathing pattern was thought to optimize the O 2 cost of breathing because, for a given V E , the combination of smaller V T and higher (f) is most efficient by reducing the loadingrelated increased elastic forces against which obese subjects needed to breathe. However, this breathing pattern becomes disadvantageous as dead space increases and the O 2 cost of breathing increases with increasing (f). Regardless of the underlying cause, patients with obesity are likely to develop (i) a higher ventilatory requirement at a given exercise load, 2 (ii) a higher work of breathing at a given ventilation level and 27 (iii) a greater respiratory muscle oxygen consumption (VO 2resp ). 28 The energy cost of breathing (which reflects the oxygen consumed by the respiratory muscles) is particularly sensitive to the impact of mechanical impediments on breathing. It follows that energy demands (VO 2resp ) increase when the efficiency is reduced, for a given work output ( Figure 6 ). Inspiratory muscle activity and obesity M Chlif et al
The efficiency of the active system depends on both neuromuscular drive and the effective impedance, which opposes inspiration. P 0.1 /V T /T I may be considered as an index of the effective impedance. 15 Nevertheless, the increase in effective impedance in obese subjects during exercise suggests that the mechanical load on the respiratory muscles is greater (load compensation in patients with obesity during quiet tidal breathing) ( Figure 7 ). Changes in effective impedance produced by obesity may predispose subjects to a progressive rise in the intensity of dyspnoea. 18 In this study, the intensity of dyspnoea during exercise in obese subjects is related to several factors including increase in minute ventilation; occlusion pressure in relation to the strength of inspiratory muscle, breathing frequency, the duty cycle and T T0.1 . This is in agreement to other reports, 29 which have reported frequent complaints of dyspnoea in obese subjects during exercise. Thus, the sensations of discomfort experienced during exercise in obese subjects indicate the central role played by the decrease in inspiratory muscles activity as assessed by T T0.1 . The present study has certain limitations. First, the maximal inspiratory pressure test is volitional and requires full cooperation. Accordingly, an apparently low result may sometimes be owing to lack of motivation, and does not necessarily indicate reduced inspiratory or expiratory muscle strength. We recommend using the sniff test or phrenic nerve stimulation in future work in this area. Second, in forthcoming population studies, we plan to carry out polysomnographic analysis and invasive blood gas measurement, given that obstructive sleep apnoea may influence respiratory muscle efficiency in obese subjects.
In summary, the main finding of this study was that T T0.1 indicates a decrease in inspiratory muscle activity in obese subjects during exercise. T T0.1 measured at the mouth in spontaneous breathing during incremental exercise is a useful, noninvasive and reproducible measurement of overall inspiratory muscle activity. It may be useful in our understanding concerning influence of inspiratory muscle activity to exercise intolerance in obese subjects, particularly in term of their exercise dyspnoea. It could also provide a means of assessing the benefits of endurance training. Figure 7 Effective impedance of respiratory system (P 0.1 /V T /T I ) at rest and at different levels of maximal exercise (%W max ) in obese (black circles) (n ¼ 17) and control subjects (white circles) (n ¼ 14). *Po0.05; **Po0.01; ***Po0.001.
